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-The large epicardial coronary arteries and veins span the surface of the heart and gradually penetrate into the myocardium. It has recently been shown that remodeling of the epicardial veins in response to pressure overload strongly depends on the degree of myocardial support. The nontethered regions of the vessel wall show significant intimal hyperplasia compared with the tethered regions. Our hypothesis is that such circumferentially nonuniform structural adaptation in the vessel wall is due to nonuniform wall stress and strain. Transmural stress and strain are significantly influenced by the support of the surrounding myocardial tissue, which significantly limits distension of the vessel. In this finite-element study, we modeled the nonuniform support by embedding the left anterior descending artery into the myocardium to different depths and analyzed deformation and strain in the vessel wall. Circumferential wall strain was much higher in the untethered than tethered region at physiological pressure. On the basis of the hypothesis that elevated wall strain is the stimulus for remodeling, the simulation results suggest that large epicardial coronary vessels have a greater tendency to become thicker in the absence of myocardial constraint. This study provides a mechanical basis for understanding the local growth and remodeling of vessels subjected to various degrees of surrounding tissue. vessel mechanics; elasticity; myocardium; finite element; remodeling ALL BLOOD VESSELS RECEIVE some perivascular constraint from the surrounding tissues. For example, the large epicardial coronary arteries and veins span the surface of the heart and gradually submerge into the myocardium, which exerts tethering or compression on the vessels during the cardiac cycle. The deformation and stress-strain distribution of these vessels are thus affected by major factors, including geometry, the passive and active properties of the vessel wall, and tethering conditions on the vessel-myocardium boundary. A number of experimental and theoretical studies provide a wealth of data for quantification of the passive (15, 52, 53) and active (17, 29, 38) mechanical properties of coronary arteries and other vessels. In these largely in vitro studies, the surrounding tissue was dissected, and the mechanical contribution of perivascular constraint was not considered.
We use the term "elasticity" to describe the relation between the increases of radius and intravascular pressure. The radius is increased more by a soft vessel than by a stiffer vessel under the same pressure; thus the soft vessel has greater elasticity. Some recent studies (13, 16, 27, 50, 51, 57, 58) have shown that constraint by the surrounding tissues dramatically reduces vessel elasticity. Liu et al. (27) determined the in vivo pressureradius relations of carotid and femoral arteries with the surrounding tissue intact and after dissection, respectively. It was found that the surrounding tissue takes up Ͼ50% of the intravascular pressure and reduces vessel elasticity by ϳ20%.
The mechanics of partially tethered large epicardial coronary arteries are of interest in the studies of coronary hemodynamics (6, 45, 47, 55) , where the vessel elasticity is central to the pressure-flow relation of coronary circulation. The myocardial constraint is also a determinant of the stress-strain distribution in the vessel wall and affects mass transport through the arterial wall (11) and growth and remodeling (21) . Choy et al. (2) found significant intimal hyperplasia (IH) in response to hypertension (by venous ligation) in the wall of coronary veins that are not tethered to the myocardium. No IH was observed in vessels completely surrounded by myocardium. To explain this result, they hypothesized that the remodeling is stimulated by excessive circumferential wall strain or stress in hypertension, which does not occur in the tethered vessel wall. Since an analytic solution is not available for asymmetric deformation of partially embedded large epicardial vessels, it has been difficult to predict the deformation and stress-strain distribution of these vessels in vivo.
In the present study, we simulate the passive deformation of left anterior descending (LAD) arteries embedded to different depths in the myocardium. Our objective is to determine the change of elasticity and strain distribution in the vessel due to nonuniform myocardial constraint. Our finite-element (FE) method incorporates anisotropic tissue properties and residual deformation in the vessel wall and myocardium. The results show nonuniform vessel deformation in response to partial tissue constraint. These findings are important for understanding local mechanics of epicardial coronary vessels in health and in response to altered loading.
MATERIALS AND METHODS

Geometric Model
A computational model of pig LAD artery is schematically illustrated in Fig. 1 . The morphological data were obtained from previous in vitro experiments (53) . The zero-stress configuration (ZSC; Fig. 1A ) was obtained by cutting a vessel ring radially. The opening angle is 132°, the outer and inner radii are 4.66 and 4.27 mm, respectively. Two mechanically functional layers of the vessel, intima-media and adventitia, were considered. The outer radius of the media is 4.50 mm.
The reference configuration (RC) for FE simulations was selected as the state subjected to an in vivo axial stretch ratio ( z) of 1.4 and zero intravascular pressure (Fig. 1B) . As suggested by previous measurements (13) , the interaction between the LAD and the myocardium is minimal in this state. To achieve the RC, we conducted axisymmetric FE simulation (57) using the abovedescribed zero-stress data and validated material parameters described below. A two-layer model (53) was employed for the vessel wall. The radii of the inner, outer, and middle surfaces (Fig.  1B) were 0.78, 1.12, and 0.99 mm, respectively. Although the cross section of a normal LAD artery is not completely symmetrical in the absence of pressure, it distends to nearly a perfect circle when subjected to Ͼ20 mmHg (53) . Although the wall thickness may exhibit some circumferential variation in the LAD artery, the variation is relatively small (3, 4, 22) . Therefore, we approximate the vessel as having a circular cross section and uniform wall thickness, consistent with previous studies (5, 12, 15-17, 37-39, 50 -53, 57-59) .
To simulate the fatty and connective tissues surrounding the LAD artery, a thin layer of soft material, designated "fat," was added on the outer surface of the adventitia (Fig. 1C) . The thickness is 0.06 mm, about half of the adventitia in the RC. The vessel was then embedded into the myocardial tissue, which is co-central with the vessel and has a radius of 5.00 mm. The myocardium was partially removed from the top, so that the vessel was embedded to a depth (d) measured from the bottom of the adventitia. For convenience, d was normalized by the outer diameter of the adventitia (2.24 mm) and designated dЈ, with values ranging from 1/4 to 3/2, with increments of 1/8 (Fig. 2, A and B) . We also considered a fully constrained (myocardium-intact) vessel (dЈ ϭ ϱ) and an untethered (no-myocardium)vessel (dЈ ϭ 0). The myofiber orientation was modeled as parallel to the axis of the vessel, i.e., in the z direction.
Mechanics Model
Deformation of the vessel and myocardium requires a finitestrain description of the mechanical properties (see APPENDIX). The FE method was formulated with a Lagrangian description on the stretched RC (Fig. 1B) , whereas the constitutive model or stressstrain relation was based on the ZSC (Fig. 1A) . The residual deformation gradient from ZSC to RC was derived in Eqs. A1 and A2. The prestretched vessel is subjected to residual deformation in radial, circumferential, and axial directions (Eqs. A3 and A4). Under the physiological condition, the myocardium is subjected to residual fiber stretch. Near the epicardial surface, the stretch was estimated as 1.1 (42) , and the residual deformation gradient is given in Eq. A5. The fat layer was considered free of residual deformation.
The passive mechanical properties of the vessel are described by a hyperelastic and nearly incompressible Fung-type constitutive model (Eqs. A6 -A8). The model predicts a uniform stress-strain relation in the circumferential direction. In our previous biaxial test (53) , the normal pig LAD vessels remain nearly cylindrical in shape when distended with pressure (as high as 150 mmHg), which implies that the mechanical properties are fairly uniform circumferentially. The constitutive parameters of the intima-media and adventitia layers (Table 1) were obtained by averaging the parameters identified for 10 normal pig LAD vessels (53) . The myocardium was also described with an axisymmetric (with respect to myofiber direction) Fung-type constitutive model; parameters of this model (Table 1) were obtained from ex vivo tests of normal pig hearts (8, 12, 44) . A classical isotropic two-parameter Mooney-Rivlin model was employed for the soft fat layer (Eq. A9) (26, 41, 56) . The FE formulation involved computations of the second PiolaKirchhoff stress tensor and the tangent stiffness tensor in RC, which are derived in Eqs. A10 -A15.
FE Method
FE mesh. A sample FE mesh is shown in Fig. 2A . A twodimensional four-node quadrilateral isoparametric element was used. The edge length was 0.02-0.025 mm for the intima-media, adventitia, and fat. The numbers of nodes and elements were in the range 5,000 -6,000. In each element, a set of 5 ϫ 5 Gaussian quadrature integration points was used. On each integration point, the local (r, , z) coordinates were defined and used for calculating the residual deformation gradient (F 0, Eq. A3) and anisotropic stress and tangent stiffness tensors (Eqs. A7-A10).
Boundary conditions. On the left boundary of the mesh, no displacement was allowed in the x direction, i.e., u x ϭ 0 ( Fig. 2A) , reflecting the symmetrical condition. Blood pressure of 80 -120 mmHg was applied on the inner surface of the vessel. The rest of the boundary was considered traction free.
Numerical method. We developed FORTRAN source codes specifically for the vessel simulations. A standard iterative quasi-Newton method (33) was employed to solve the nonlinear equations involved with use of analytic tangent stiffness matrix. The FE codes have been tested against commercial software (ANSYS) using the same mesh, boundary/loading conditions, and isotropic two-parameter MooneyRivlin constitutive model. To ensure convergence, blood pressure was increased gradually by small increments (0.5 mmHg per step initially and 5 mmHg at high pressure). The results were outputted for every 10-mmHg increment.
RESULTS
Vessel Elasticity
The contours of the local circumferential stretch ratio ( ) on the deformed vessel at physiological pressures, i.e., 80 and 120 mmHg, are given in Figs. 3 and 4 , respectively, with relative embedded depth (dЈ) ϭ 0 -3/2 (increased by 1/8), 2, and ϱ. The undeformed vessel is also shown for reference. The cross section of the vessel remains nearly circular in all the simulations, although the myocardial constraint is not uniform circumferentially. This results from the less stiff myocardium in the x-y plane compared with the much stiffer axisymmetric properties of the vessel wall as indicated by Eq. A8 and the material parameters b 1 , b 2 , and b 3 ( Table 1) .
The elasticity of the vessel wall is determined from the pressure-radius relation. The deformed diameter was measured by the outer radius in the y direction ( Fig. 2A) . Figure 5A shows the pressure-outer radius relation with different dЈ. The vessel radius increases quickly at low pressure and then tends to the asymptotic value after ϳ80 mmHg. The deformed cross sections at 80 and 120 mmHg are very similar (Figs. 3 and 4) . This is consistent with previous experiments (13, 27) and the increasing stiffness predicted by Fung-type models. The myocardial constraint significantly reduces the vessel radius when dЈ is large. Figure 5B shows the relation between dЈ and vessel radius at normal (80 and 120 mmHg) and hypertensive (160 mmHg) pressures. The results reveal that, for a given pressure, the radius decreases gradually as the vessel goes deeper into the myocardium, from dЈ ϭ 0 (free vessel) to slightly less than 1 (Fig. 5) . The simulation predicts a quick drop of the radius when dЈ increases from Ͻ1 (partially constrained vessel) to Ͼ1 (vessel completely embedded in the myocardium). The drop is significant, inasmuch as it accounts for Ͼ25% of the total distension of a free vessel from 0 to 120 mmHg and ϳ35% of the fully embedded case with dЈ ϭ ϱ. For a completely embedded vessel (dЈ Ͼ 1), the myocardial constraint acts approximately as an equivalent pressure on the outer surface of the vessel. By comparing the pressure-radius curves of dЈ ϭ ϱ against the free vessel (dЈ ϭ 0), this effective pressure is Ͼ50% of the intravascular pressure, consistent with previous experimental findings (13, 27) .
We further investigated the effect of the myofiber stretch ratio on the vessel elasticity. Figure 6 shows the pressureradius relation of a completely embedded vessel (dЈϭ ϱ) with myofiber stretch ratios of 1.0, 1.1, 1.2, and 1.3, respectively. A dramatic reduction of elasticity with an increase of myofiber stretch gives rise to a significant increase in stiffness.
Circumferential Stretch Ratio
The local was calculated with respect to the ZSC and is shown in Figs. 3 and 4 at 80 and 120 mmHg, respectively. The http://ajpheart.physiology.org/ myocardial constraint significantly reduces compared with a free vessel; e.g., in the free vessel at 120 mmHg (Fig. 4A) , ϭ 1.54 -1.59, and in the embedded vessel with dЈ ϭ 9/8 ( Fig. 4F) , ϭ 1.26 -1.37, indicating a 50% reduction in circumferential Green strain. In completely embedded vessels (dЈ Ͼ 1), is nearly uniform circumferentially (i.e., contour is axisymmetric).
For partly embedded vessels (0 Ͻ dЈ Ͻ 1), the distribution of is no longer axisymmetric (Figs. 3, B-E, and 4, B-E) . In the wall region that is tethered to the myocardium, is reduced compared with the free vessel. The untethered region, however, exhibits an increase of . Near the location where the vessel enters the myocardium, is highest, apparently due to stress concentration. Figure 7 , A and B, shows the transmural stretch ratios at 80 and 120 mmHg, respectively, at the top of the vessel wall (arrow in Fig. 2A) . The relative wall thickness is measured from the inner surface of the vessel in RC. The distribution of does not show large transmural variation, except where dЈ is close to 1. For all cases, the maximum occurs at the outer surface of the adventitia (Fig. 2A) . This maximum value is plotted in Fig. 8A against the internal pressure for various embedded depths and in Fig. 8B as a function of the depth with normal (80 and 120 mmHg) and hypertensive (160 mmHg) pressure. It shows a gradual increase in maximum as the vessel merges deeper and, then, a sudden drop to much lower values after the vessel is completely surrounded by the myocardium (dЈ Ͼ 1).
DISCUSSION
This study shows that myocardial constraint is a major factor that affects the passive deformation of the LAD artery. The elasticity of fully embedded vessels is reduced by as much as 25% at physiological loading conditions compared with a free vessel. Correspondingly, the circumferential stretch is significantly reduced, indicating a Green strain that is only ϳ50% of that in the free vessel. For partially embedded vessels, in the vessel wall tethered to the myocardium is reduced compared with in a free vessel at physiological pressure, whereas that in the untethered region is increased because of the absence of local myocardial constraint. The simulations also suggest that the passive pressure-radius relation of partially embedded vessels can be approximated as free of tethering and that of completely embedded vessels as symmetrically surrounded by thick myocardium.
Vascular Remodeling
It is known that stress and strain are the major stimuli of growth and remodeling in vessels (21, 36) . In a previous study (2) of large coronary veins in response to pressure overload (by venous ligation), significant IH was observed in the vessel wall that was not tethered to the myocardium. For vessels that were completely surrounded by myocardium, no IH was observed. In a related study focused on remodeling of coronary venules Fig. 6 . Effect of myofiber stretch ratio on pressure-outer radius relation of completely embedded vessel (dЈ ϭ ϱ). Fig. 7 . at 80 mmHg (A) and 120 mmHg (B) of vessels with different dЈ. Relative wall thickness was measured in the RC at the top of the vessel wall from the inner surface (see Fig. 2A ).
under elevated pressure (3), the epicardial venules show a stronger tendency of intima-media thickening than subepicardial, midmyocardial, and endocardial vessels. The difference from epicardial to subepicardial is most profound, whereas further transmural variation is smaller, consistent with the present findings (Fig. 8) . It has been proposed that the remodeling may be triggered by excessive local circumferential wall strain or stretch ratio. The present simulations support the hypothesis. In a partially embedded vessel, is higher in the untethered region and lower in the tethered region than in a free vessel without myocardial constraint (Figs. 3, A-E, and 4 , A-E). For completely surrounded vessels, is nearly uniform and is much lower (Figs. 7 and 8 ), corresponding to a 50% reduction of circumferential Green strain compared with a free vessel at normal physiological pressure. During hypertension (160 mmHg), the partially embedded vessels are stretched circumferentially to Ͼ 1.64 in the free wall (Fig. 8B) . In comparison, the completely embedded vessels are protected by the surrounding myocardium, with Ͻ 1.35, which is even lower than that of a free vessel at 40 mmHg (Fig. 8) . This suggests that a completely surrounded vessel is less likely than an untethered vessel to remodel at elevated loading.
Vessel Elasticity
The elasticity of coronary vessels has important physiological implications, inasmuch as it affects blood flow pulsatility (10, 32) . The vessel elasticity is influenced by several factors, including mechanical properties of the vessel, active wall stress, and constraint by the surrounding tissues. The present simulations demonstrate the central role of myocardial constraint on vessel deformation. For completely surrounded vessels, the myocardial constraint takes up a large portion of the load and causes significant reduction of the elasticity (Figs. 3-5) , consistent with our previous in vivo and in vitro experiments (13, 27) . For example, the radius increases from 1.12 to 1.60 -1.65 mm at 120 mmHg compared with 1.85-1.95 mm for partially embedded and free vessels. In other words, neglecting the myocardial constraint will overestimate the cross-sectional area of a completely embedded coronary vessel by Ն30%.
Therefore, myocardial constraint is an important determinant of blood flow in large epicardial coronary arteries and must be considered in fluid-structure interaction (FSI) simulations (18, 40) . For partially constrained vessels, only a small reduction of the elasticity is predicted. The deformed cross section of the vessels, regardless of the circumferentially nonuniform myocardial constraints, remains nearly circular. This is consistent with the previous finding that the "cross talk" or interaction between myocardium and vessels takes place mainly at the level of transmyocardial vessels (54) .
A realistic model of the vessel-myocardium interaction requires accurate description of the boundary conditions and adds complexity to FSI study of coronary flow. The most important aspect of FSI is prediction of the motion of the vessel wall at a given pressure and wall shear stress (60) . For large epicardial arteries, the blood pressure shows little axial gradient (19) , and the shear stress is very low. The present simulation results thus suggest some possible simplification: the wall motion of partially embedded vessels can be simplified as a free vessel (dЈ ϭ 0) and that of completely surrounded vessels can be approximated with dЈϭ ϱ. For either case, the governing equation of vessel deformation is one-dimensional (axisymmetric). The simplification, however, has been validated only when deformation of the myocardium is passive and needs further study with consideration of active contraction and heart motion.
Reference Configuration
The choice of RC is critical for cardiovascular simulations, since the constitutive models are strongly nonlinear and the tangent stiffness increases significantly with the strain. In the present study, the RC of the vessel is subjected to z ϭ 1.4 and zero intravascular pressure (Fig. 1B) , instead of the usual no-load configuration (16, (37) (38) (39) . This choice reflects an experimental fact that the interaction between the LAD artery and the myocardium is minimal in this state (13) . The RC for the myocardium is a physiological stretch ratio of 1.1 in the fiber direction, as found near the epicardial surface (42). Taking into consideration the residual deformation gradients (see APPENDIX), we have formulated full FE stress-strain relations in the RC. This FE formulation is difficult to implement using the no-load configuration as RC, since the residual deformation gradients in the vessel, myocardium, and fat are not compatible.
The z is known to be a major factor that affects vessel elasticity (53) . We increased the myofiber stretch ratio and found dramatic reduction of elasticity of completely surrounded vessels (Fig. 6) . The reduction is caused by the myocardium, the stiffness of which increases rapidly with strain. The effect of myofiber stretch on elasticity of the partially embedded vessels, however, was insignificant. This suggests that the RC of myocardial constraint should be formulated accurately as the myofiber stretch ratio varies transmurally (42) .
Limitations
The present study shows that the boundary conditions (BCs) are critical for accurate simulation of the deformation and strain/stress fields in the vessel. Although the present model has considered the myocardium as the major constraint on vessel deformation, several BCs remain for future refinement. We modeled the connective tissues between the vessel wall and the myocardium with a uniform thin layer of soft material. In reality, the connections have spatial variations. For example, this layer consists of randomly distributed fibers and fatty/ connective tissue along the LAD wall in pigs. We conducted simulations with different thicknesses of the connective layer. We have found that the vessel elasticity and in the top region of the LAD artery ( Fig. 2A) change very little at physiological pressure. Compared with the strong myocardial constraint, the mechanical details of this layer are not very important.
The myofiber orientation is assumed to be parallel to the LAD axis. If we consider that the myocardium is much stiffer in the myofiber direction than in the sheet and normal directions (Table 1) , this approximation underestimates the myocardial constraint. Therefore, a larger reduction of vessel elasticity is expected in more realistic three-dimensional simulations where the LAD is not parallel to the myofiber orientation, especially for completely embedded vessels.
In vivo BCs of the myocardium are difficult to quantify. The present model uses a large volume of myocardium to minimize the far-field effect of BCs. More realistic analysis should take into consideration the motion and active contraction of the myocardium during diastole and systole, the influence of other vessels in the myocardium, and so on. We expect that the elasticity of partially embedded vessels is slightly reduced by these factors. For the completely embedded vessels, however, the elasticity may be strongly affected by the diastolic/systolic stress and strain in the myocardium, inasmuch as they change the stiffness of the myocardium significantly (43) .
An additional aspect of the myocardial BC is the pressure in the myocardium, usually referred to as "intramyocardial pressure" (IMP) (54) . Although it is well accepted that IMP plays an important role in coronary circulation, there have been debates on the relation to ventricular pressure and local strain and stress in the myocardium (7, 9, 23, 34, 35, 46, 48) . For a completely embedded vessel, IMP may cause further reduction of the vessel elasticity, since the effect can be approximated as a perivascular pressure that acts against the intravascular pressure. Similarly, IMP should also reduce the deformation of the tethered portion of partially embedded vessels to a lesser degree, because IMP is very low at the subepicardial surface (1, 14) . The untethered region is expected to be insensitive to IMP. Consequently, consideration of IMP may further reinforce the conclusions of the present study.
The pericardium is known as a modulator of heart deformation (20, 24, 25, 30) , particularly in diseases such as hypertension. It also restricts the partially embedded epicardial vessels from overstretching at higher pressures. This effect was not considered in the present study. Furthermore, the model did not take into account the effect of muscle tone, which has been found to affect in vivo deformation and residual deformation in arteries (31, 38) . These issues remain important topics for future studies.
Summary and Significance of Study
An FE model was used to study the effects of myocardial constraint on the passive mechanical behaviors of the LAD vessel wall. The results show that myocardial constraint is a major factor that affects vessel elasticity and wall strain. The constraint significantly reduces the elasticity and strain of vessels that are completely surrounded by the myocardium and, thus, may modulate remodeling at elevated blood pressures. The elasticity and wall strain of partially embedded vessels are found to similar to elasticity and wall strain of the free vessel, with higher local circumferential stretch, indicating a strong tendency of circumferentially nonuniform remodeling, consistent with experimental observations (2) . This finding of reduced vessel elasticity, along with experimental observations (13, 27) , emphasizes the importance of myocardial constraint in fluid-structure interaction study of coronary circulation. Furthermore, the finding suggests a simplification in the pressure-radius relation of large coronary arteries: 1) a partially embedded vessel can be approximated as free of myocardial constraint, and 2) the completely embedded vessels can be approximated as being axisymmetrically surrounded by the myocardium.
APPENDIX
Residual Deformation
The FE method was formulated with a Lagrangian description on the stretched RC. Consider a material point X0 in the zero-stress configuration (ZSC; Fig. 1A) , which displaces to X1 in the RC (Fig.  1B) and then to x in the deformed configuration (DC). Three deformation gradients are defined as follows
where the dot represents the tensor contraction (or matrix multiplication). The Green strain tensors corresponding to F 1 and F are defined as
where I is the second-order identity tensor and T denotes transpose operation. Although the deformation is described with F1 and E1 in FE, computation of the stress must be referred to ZSC through the total Green strain E. In Eq. A1, F 0 defines the residual deformation gradient from ZSC to RC. For the vessel with principal stretch ratios r 0 , 0 , and z 0 in the radial, circumferential, and axial directions, F0 is F 0 (X 1 ) ϭ r 0 e r e r ϩ 0 e R e ϩ z 0 e z R e z (A3)
where r, , and z denote entities in radial, circumferential, and axial directions, respectively, in RC; er, e, and ez are unit eigenvectors of F0; and R represents dyadic product. In this work, z 0 ϭ 1.4 was chosen for the LAD artery (39) 
where r is the radial coordinate in RC (i.e., r ϭ ͉X1͉), Rin and r in ref are inner radii of LAD in ZSC (Fig. 1A) and RC (Fig. 1B) , respectively, and ϭ /( Ϫ ⌽) is calculated with the opening angle ⌽ (Fig. 1A) . The incompressible condition has been applied.
Myofiber orientation was modeled as parallel to the axis of the vessel, in the z direction, with z 0 ϭ 1.1 (42) . Since the mechanical behavior of the myocardium is isotropic in the r-plane (see Eqs.
For the fat layer, F 0 ϭ I.
Constitutive Models
The passive mechanical properties of the nearly incompressible tissues were modeled as hyperelastic materials with strain energy given by
where J ϭ detF and Ē ϭ (J Ϫ2/3 F T F Ϫ I)/2. The parameter is set large enough to enforce nearly incompressible deformation (J Ϸ 1) (49). In the simulations, ϭ 10,000 kPa was employed for all materials, and the maximum volumetric change ͉J Ϫ 1͉ was Ͻ3%.
The Fung-type model (5) was used for the media, adventitia, and myocardium, as 
where C and b 1-b6 were obtained from ex vivo tests on pig LAD (53) and myocardium (12, 44) and are summarized in Table 1 . The shear parameter b7 (in the r-direction) for media and adventitia was estimated from previous experimental data of Lu and Kassab (28) . In the present FE simulation, b8 and b9 were zero, inasmuch as there is no shear in the r-z and r-directions. The fat layer was described with a classical isotropic two-parameter Mooney-Rivlin model (41) W(E )ϭC 10 (I 1 Ϫ 3) ϩ C 01 (I 2 Ϫ 3), I 1 ϭ trace (C ),
where C ϭ 2Ē ϩ I, C 10 ϭ 2.000 kPa, and C01 ϭ 1.333 kPa (26, 56) . The FE formulation requires computations of the second PiolaKirchhoff stress tensor S1 and the tangent stiffness tensor D1 in the RC. It can be shown that 
where I (4) is the fourth-order identity tensor with major and minor symmetries.
